One of the ultimate aims of systematics is the reconstruction of the tree of life. This is a huge undertaking that is inhibited by the existence of a computational limit to the inclusiveness of phylogenetic analyses. Supertree methods have been developed to overcome, or at least to go around this problem by combining smaller, partially overlapping cladograms. Here, we present a very inclusive generic-level supertree of Dinosauria (covering a total of 277 genera), which is remarkably well resolved and provides some clarity in many contentious areas of dinosaur systematics.
INTRODUCTION
In the last few decades, advances in theoretical systematics, as well as in computer sciences, have provided biologists and palaeontologists with tools to investigate the phylogenetic relationships among organisms, yet phylogenetic inference is computationally expensive and analyses of large datasets hardly feasible (Graham & Foulds 1982) . This problem is exacerbated in palaeontology, where missing data can lead to an exponential increase in the number of most-parsimonious solutions permitted by a given dataset. However, 'partial phylogenies' (i.e. phylogenies including only a subset of the taxa known to belong to a certain group) are accumulating at an increasing rate, and the Dinosauria represent a typical, if not extreme, example of this trend.
Supertree methods, formally introduced by Gordon (1986) , can be implemented to combine such 'partial phylogenies' and obtain more inclusive estimates without the need to pool the original datasets. Accordingly, whenever a collection of 'partial phylogenies' exists, supertrees can represent an alternative to a direct analysis of the primary data (i.e. the pooled dataset).
Several supertree methods have been developed (e.g. Sanderson et al. 1998; Wilkinson et al. 2001 for review), but only those using matrix representation with parsimony (MRP methods) have software implementation (Swofford 1998; Thorley & Page 2000) and these are currently the only viable choice in supertree reconstruction. Nevertheless, their characterization is still incomplete. In particular, when the source trees are incompatible (i.e. they disagree about the relationships of the taxa that overlap), their behaviour is not completely understood. In these cases, MRP methods can be inaccurate. It is debatable whether MRP estimates are accurate enough to be useful treereconstruction methods (Purvis 1995a; Wilkinson et al. 2001 ). Yet, there is evidence (Bininda-Emonds & Sanderson 2001) that, if the set of source trees is large enough, the MRP supertree(s) are accurate represen-tations of the information conveyed by the trees in the input set.
The original MRP method of Baum (1992) and Ragan (1992) , referred to as component coding-MRP (CC-MRP) in this paper, was used to combine 126 'partial phylogenies' of dinosaurs (covering a total of 277 genera) with the aim of obtaining a single, genus-level supertree. CC-MRP makes use of the fact that a tree can be represented in a matrix by means of a set of binary 'characters'. Following Baum & Ragan (1993) , we refer to these 'characters' as matrix elements. Matrix representations of different source trees can be readily combined with missing entries in the matrix elements corresponding to taxa that are not present in the matching source tree. Parsimony analysis of the combined matrix representations yields one or more most parsimonious trees (MPTs), the CC-MRP supertree(s), which comprise all the included taxa (see Baum 1992; Ragan 1992 for more details).
MATERIAL AND METHODS
Potential source trees were identified from online searches. Two electronic literature databases were searched for publications with relevant source trees, BFV (Bibliography of Fossil Vertebrates) online (http://eteweb.lscf.ucsb.edu/bfv/bfvFform.html) and Web of Science (http://wos.mimas.ac.uk/). BFV online does not allow the enquirer to confine his search to a limited number of years and it was thus screened over the whole time-span that it covers , while Web of Science was searched for the years 1993-2001. All publications that were likely to include a cladogram were examined. Because the aim of this analysis was to obtain a consensus representation of cladistic views on dinosaur systematics, the earliest of which date back to the beginning of the 1980s (Benton 1990) , publications presented before the year 1980 have been excluded a priori. Publications after this date were retained when they presented cladogram(s) resulting from an original study, or from the modification of a pre-existing dataset. The list of all retained publications is available (see electronic appendix). For each selected cladogram, a Nexus (Swofford 1998 ) tree file was produced using MacClade (Maddison & Maddison 1997) . Some terminal genera were omitted a priori (see electronic appendix, available on The Royal Society's Publications Web site, for the list of the omitted taxa).
These were either nomina dubia, unconstrained taxa, or both. The former are taxa based on material inadequate for diagnosis and for proper phylogenetic analysis. The latter may be valid taxa but they appear only in one source tree and as members of a polytomy. Accordingly, their inclusion adds nothing to the analysis but an increase in the number of possible MPTs. Most original studies included a variable proportion of suprageneric terminal taxa. For analytical proposes, their monophyly was assumed and a standard taxon substitution (Wilkinson et al. 2001) was performed. Each suprageneric taxon was substituted with a star tree (i.e. an unresolved polytomy) including either: (i) the taxa embodied in each of them when explicitly given in the original study; or (ii) only its non-controversial members in the case that no such definition was given (see electronic appendix for the minimal non-controversial definition of each suprageneric taxon). When multiple MPTs were presented, strict reduced consensus (RC; Wilkinson 1994) was implemented using RadCon (Thorley & Page 2000) and the tree in the RC profile with the highest cladistic information content (Thorley et al. 1998) was retained for the CC-MRP analysis.
Five CC-MRP matrices (see electronic appendix), one scoring all of the 277 included taxa (Matrix I), one for Sauropodomorpha (Matrix II), one for Ornithischia (Matrix III) and two for Theropoda (Matrices IV and V) were produced using RadCon. These have been analysed separately, resulting in one comprehensive (Matrix I) and four compartmentalized (Matrices II-V) supertrees. It is important to note that Matrices II-V are matrices in their own right, not subsamples of Matrix I. They have not been obtained by pruning the excluded taxa, e.g. all theropods and all ornithischians (in the case of Matrix II) from Matrix I, but by pruning the source trees and then recoding them in a new CC-MRP matrix. This approach, implemented here for the first time, to our knowledge, is important because each matrix element is representative of a node in a tree. Thus, pruning a taxon from an MRP matrix will create a matrix that is not representative of the real topology of the pruned tree (figure 1).
Because objective functions for implementing a correct, unequal character-weighting scheme in MRP analyses are still unknown (Bininda-Emonds et al. 1999; Bininda-Emonds & Sanderson 2001) , equally weighted parsimony was used to analyse the five CC-MRP matrices. Paup * (Swofford 1998) was used to analyse the data matrices with parsimony and, in order to avoid the problem of being 'bogged down' in sub-optimal tree islands, the following treesearch protocol was applied: (1) 100 heuristic searches were carried out using tree bisection-reconnection (TBR) branch swapping with the 'multrees' option not in effect; random stepwise addition was used to obtain the starting trees for these replicates; (2) the MPTs found were retained and swapped using TBR branch swapping with the 'multrees' option in effect.
A potentially serious problem of MRP supertree methods is their ability to resolve conflict among the source trees by the generation of novel clades (sensu Bininda-Emonds & Bryant 1998). Bininda-Emonds et al. (1999) and Bininda-Emonds & Sanderson (2001) have likened the appearance of such clades in MRP to their appearance in Total Evidence analyses. However, as shown by Pisani & Wilkinson (2002) , this cannot be the case and such novel clades should always be collapsed. No novel clades (sensu Bininda-Emonds & Bryant 1998) are present in the dinosaur supertree.
A poorly understood problem in MRP supertree building is how to evaluate the support for the resulting clades. For those who feel that an MRP supertree is naked without some measure Proc. R. Soc. Lond. B (2002) of support, following Bininda-Emonds et al. (1999) and Liu et al. (2001) , decay indices (Bremer 1988 ) are provided. Decay values have been calculated for Matrices II-IV, but because of the size of the resulting supertree, they have not been calculated for Matrix I. However, it is our opinion that this measure cannot be considered really representative of the support for the clades recovered by the supertree. Accordingly, decay values should be interpreted with care. Consider, for example, that novel clades (sensu Bininda-Emonds & Bryant 1998), despite being unsupported (Pisani & Wilkinson 2002) , have a positive decay index. Thus, new support measures for MRP supertrees are needed and are under development (D. Pisani, unpublished data), but they will not be considered any further in this paper.
RESULTS
A total of 34 900 MPTs was found from the analysis of Matrix I before the search had to be aborted because of memory limitations. We suggest that this sample of MPTs, although less than the set of all possible supertrees, is representative of the whole. This is because the topology of their strict consensus agrees perfectly with those of the strict consensus trees summarizing the results obtained from the compartmentalized analyses (Matrices II, III and V), which have been run to completion. It is thus possible to argue that increasing the number of retained MPTs from the analysis of Matrix I will result in a more comprehensive collection of alternative solutions for the polytomies seen in figure 2 and not in the collapse of its resolved areas. The strict consensus of the 34 900 MPTs from the analysis of Matrix I (figure 2) therefore represents the most inclusive estimate that has ever, to our knowledge, been presented of the phylogeny of the Dinosauria.
Contentious issues in dinosaur systematics are resolved in the present supertree. Sauropodomorpha is composed of Saturnalia and monophyletic Prosauropoda and Sauropoda (Sereno 1999; Benton et al. 2000; contra Gauthier 1986) . Within Prosauropoda, a monophyletic Melanorosauridae (Riojasaurus, Camelotia and Melanorosaurus) emerges as the sister group of Plateosauria (Massospondylus, Yunnanosaurus and Plateosauridae). Within Sauropoda, Barapasaurus is the sister group to all other Eusauropoda (Upchurch 1998; contra Wilson & Sereno 1998) and Omeisaurus is more closely related to Neosauropoda than it is to Shunosaurus (Wilson & Sereno 1998 ; contra Upchurch 1998). The early dinosaurs Eoraptor and the Herrerasauridae are basal theropods (Sereno et al. 1993; contra Langer et al. 1999) . Ceratosauria is a monophyletic group containing Coelophysoidea and Neoceratosauria (Sereno 1999; Holtz 2000; contra Forster 1999) , while torvosaurids are more closely related to derived tetanurans (Avetheropoda) than to spinosaurids (Holtz 2000; contra Sereno et al. 1994) . Therizinosauroidea is the sister group of Oviraptorosauria (Russell & Dong 1993; Holtz 2000; contra Sereno 1999) , but Caudipteryx is a basal member of Paraves: it is excluded from both Oviraptorosauria (contra Sereno 1999) and Avialae (contra Ji et al. 1998) , while Metornithes is monophyletic and contains Ornithothoraces, Avimimus (Chatterjee 1991; contra Holtz 1994) and Alvarezsauridae (Chiappe et al. 1996; contra Sereno 1999) .
Within Ornithischia, Minmi and Gargoyleosaurus are basal Ankylosauridae (Sereno 1999 ; contra Kirkland The present supertree contains three important polytomies. One lies within Sauropoda and the other two within Theropoda: one at the base of Coelurosauria and the other within Coelurosaria, at the base of the Eumaniraptora.
The polytomy within Sauropoda involves the taxa more derived than Shunosaurus and is due to both the existence of conflicting hypotheses concerning the relationships of Proc. R. Soc. Lond. B (2002) three long-necked Chinese taxa, Omeisaurus, Mamenchisaurus and Euhelopus, and to the poorly constrained position of Cetiosaurus. The first problem reflects differences in the results obtained by different authors on the relationships of those taxa. Among the source trees, two classes of cladogram exist. Upchurch (1995 Upchurch ( , 1998 includes all three Chinese taxa in a clade nested outside Neosauropoda, while Wilson & Sereno (1998; also Sereno 1999) do not include Mamenchisaurus and consider Omeisaurus and Euhelopus to be distantly related. In the supertree, Omeisaurus and Euhelopus are nested according to the second of these two hypotheses, but Mamenchisaurus is free to cluster with either of the two. Implementing RC, two 'rogue' taxa (Cetiosaurus and Mamenchisaurus) are identified. With their exclusion (figure 3a), the following taxonomic statements are true in all the supertrees: (i) Haplocanthosaurus falls within Neosauropoda (defined by the node connecting Diplodocus and Saltasaurus) and is more closely related to Camarasaurus, Brachiosaurus and Titanosauria than to Diplodocidae; (ii) Euhelopus, Chubutisaurus, Phuwiangosaurus, Nemegtosaurus, Quaesitosaurus and Titanosauria are more closely related to each other than they are to any other retained sauropod; (iii) Nemegtosaurus and Quaesitosaurus are more closely related to the derived Titanosauria than they are to Diplodocidae. Within Theropoda, the polytomy at the base of Coelurosauria is simply caused by a few poorly constrained genera (i.e. genera that are present in few trees and are not tightly bracketed by taxa of a relatively stable position) Deltadromeus, Dryptosaurus and Nqwebasaurus. As above, RC identifies these taxa and their omission allows extra resolution of the supertree ( figure 3b) . Conversely, the variable placement of eumaniraptorians in the source trees seems to be due to real character incongruences (Holtz 2000) and leads to an unresolved polytomy in the supertree topology.
DISCUSSION
Supertree techniques are now becoming commonplace in biology (e.g. Purvis 1995b; Bininda-Emonds et al. 1999; Liu et al. 2001) , but this is the first time, to our knowledge, that a supertree method has been implemented to disentangle the phylogeny of a fossil group.
Supertree methods resemble meta-analysis in several respects (see also Sanderson et al. 1998) . In meta-analysis, formal statistical techniques are implemented to sum up a body of separate (but similar) experiments (Mann 1990 ).
Similarly, supertree methods exploit either the existence of a one-to-one relation between a tree and its matrix representation (Ragan 1992) , or subtrees-tree reconstruction algorithms (e.g. Aho et al. 1981; Semple & Steel 2000) to combine a body of different (but partially overlapping) phylogenies. Meta-analysis is like an ordinary scientific review of research, except that ordinary reviews provide a qualitative, and often subjective, assessment of few studies, while meta-analysis promises a quantitative synthesis of all available data (Mann 1990 ). In the same way, supertree methods introduce objectivity to phylogenetic reviews by quantitatively synthesizing results of previous phylogenetic studies.
Phylogenetic trees should be used as frameworks to test evolutionary hypotheses (Felsenstein 1985; MacLeod 2001) . Such frameworks should be (i) obtained independently from the characters where evolution is under investigation; (ii) objective (i.e. they should not represent the personal view of the author); (iii) inclusive of all relevant taxa. Biologists often solve point (i) by testing the evolution of morphological characters on molecular phylogenies, an option unavailable to palaeontologists. However, since phylogenetic supertrees, including MRP supertrees, represent consensus solutions (Pisani & Wilkinson 2002) , they are only indirectly based on any particular morphological characters. Moreover, they are objective (point (ii)) and can be very inclusive (point (iii)). Therefore, they should be used as frameworks (see also Lanyon 1993) for evolutionary palaeobiological studies, such as implementation of the comparative method of Felsenstein (1985) , or the phylogenetic bracket of Witmer (1995) . Recent evolutionary studies within Dinosauria, (e.g. Carrano 2000; Hutchinson 2001a,b) have generally used those authors' own subjective estimation of the consensus.
With regard to the supertree under discussion, it is important to note that some of its structure can be expected to change in the near future as works in the press, or in progress, are published. In particular, the monophyly of Prosauropoda, Ceratosauria and Metornithes may not be sustained, while Eoraptor and Herrerasauridae may be found to be more basal within Dinosauria.
As previously stated, Bremer support values must be interpreted with care when used as a measure of support for a supertree. However, the low values obtained for a high proportion of nodes shows that there is a certain amount of discordance among the source trees, i.e. there is still disagreement among dinosaur systematicians relative to most areas of the trees. This is more noticeable in the Saurischia that have, on average, lower decay values than the Ornithischia. This might indicate that the phylogenetic signal of ornithischians is less masked by homoplasy or may simply reflect greater attention focused upon saurischian phylogeny. Never the less, we are confident with the resolution of conflicts of our supertree.
In conclusion, we hope the dinosaur supertree presented will represent a solid framework for future study of dinosaurian evolution, and will stimulate and direct further systematic studies towards the less well understood areas of dinosaur systematics that are highlighted as polytomies in the supertree.
